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In t roduc t ion  

The r a t e  of p r o d u c t i o n  of s o o t  i n  p y r o l y t i c  r e a c t i o n  sys t ems  has  b e e n  
s t u d i e d  i n  shock t u b e s  us ing  a v a r i e t y  of non- in t rus ive  a n a l y t i c a l  t echniques ;  
l a s e r  e x t i n c t i o n  (LEX)'-6, s t a t i c  a n a l y s i s  of t h e  p r o d u c t  d i s t r i b u t i o n  f r o m  
s i n g l e  pu l se  shock t u b e s  (SPST)7-9, and dynamic a n a l y s i s  of t he  r e f l e c t e d  shock 
z o n e  by zime-of-f l i g h t  mass s p e c t r o m e t r y  (TOFllO. The d a t a  r e d u c t i o n  p r o c e s s  
o f t e n  i n v o l v e s  measurement of a changing b u l k  q u a n t i t y ;  e.&, a t t e n u a t i o n  of a 
lie-Ne l a s e r  beam due t o  abso rp t ion  by high molecu la r  weight gas phase s p e c i e s  
and  d i s c r e t e  s o o t  p a r t i c l e s  v i a  LEX o r  d e f i c i e n c i e s  i n  t h e  c a r b o n  a tom m a s s  
b a l a n c e  v i a  SPST or TOP. The c o n c e n t r a t i o n s  of  t h e  v a r i o u s  p o l y c y c l i c  
hydrocarbans formed i n  t h e  p r e - p a r t i c l e  s o o t  chemistry phase a r e  ex t remely  low9 
and a r e  below t h e  d e t e c t a b i l i t y  l i m i t  of t h e  TOP techniquelo  which i s  about 
10-l' m o l  The non-detected hydrocarbons c o n s t i t u t e  t h e  "missing" mass. 

The u l t i m a t e  g o a l  of t h e  work i n  t h i s  a r e a  i s  t o  write a c o m p l e t e  c h e m i c a l  
mechanism f o r  s o o t  f o r m a t i o n .  T h i s  f o r m i d a b l e  t a s k  h a s  been  a t t e m p t e d  f o r  
acetylene''. Some 180 spec ie s  and 600 r e a c t i o n s  were cons idered  i n  an e f f o r t  t o  
model t h e  s o o t  y i e l d  o b t a i n e d  by LEX. B o t h  t h e  c a l c u l a t e d  and e x p e r i m e n t a l  
y i e l d s  were v e r y  low ( <  1%). Compar ison  of t h e  c a l c u l a t e d  r e s u l t s  w i t h  t h e  
measured b u l k  q u a n t i t y  was obta ined  by assuming t h a t  a l l  spec ie s  i n  t h e  model 
h a v i n g  MW>300 a b s o r b e d  632.8 nm r a d i a t i o n .  The summation of t h e s e  h i g h  
molecu la r  weight  concen t r a t ions  conver ted  t o  carbon atoms and d iv ided  by 
t h e  input  carbon atom concen t r a t ion  y i e l d e d  the  computed soo t  y ie ld .  

The e f f o r t  he re in  i s  t o  deve lop  a c o r r e l a t i o n  between a r e a d i l y  o b s e r v a b l e  
molecu la r  spec ie s  whose presence i s  d i agnos t i c  of subsequent soot  format ion  and 
t h e  bulk  o b s e r v a b l e s  of l a s e r  e x t i n c t i o n  and mass ba lance  deficiency. 

Exuerimental  Techniques k p l o r e d  

LEX h a s  b e e n  u t i l i z e d  beh ind  i n c i d e n t  and r e f l e c t e d  shock  waves  d u r i n g  
v a r i o u s  o b s e r v a t i o n  times r a n g i n g  f r o m  0.5-2.5 m s l - 6 .  I n  o r d e r  t o  compare t h e  
r e l a t i v e  s o o t i n g  t e n d e n c i e s  of f u e l s ,  a t o t a l  c a r b o n  a tom c o n c e n t r a t i o n  o f  

atoms was chosen f o r  such  f u e l s  a s  e thylbenzene ,  t o luene ,  benzene, 
pyr id ine ,  a l l e n e ,  1,3 butadiene,  v i n y l a c e t y l e n e ,  and ace ty lene .  The soot  y i e l d  
v s  t h e  n o - r e a c t i o n  shock  zone  t e m p e r a t u r e  c u r v e s  a r e  b e l  1-shaped. A r o m a t i c  
compounds produced t h e  g r e a t e s t  amount of beam a t t e n u a t i o n  or s o o t  y i e l d  w h i l e  
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a c e t y l e n e  e x h i b i t e d  t h e  l e a s t .  The e a r l y  LEX ~ o r k l - ~  r e p o r t e d  v a l u e s  f o r  t h e  
a b s o l u t e  s o o t  y i e l d  on t h e  o r d e r  o f  80 - 90% c o n v e r s i o n  of a r o m a t i c  f u e l s  t o  
soot. It v a s  subsequent ly  r e a l i z e d  t h a t  t hese  v a l u e s  were too high due i n  p a r t  
t o  unce r t a in ty  of t h e  l i t e r a t u r e  v a l u e  f o r  t h e  r e f r a c t i v e  index of soo t  and t o  
l i g h t  absorpt ion by p r e - p a r t i c l e   specie^.^ It was a l s o  known t h a t  a s i g n i f i c a n t  
amount of soo t  formation occurred i n  t h e  accompanying coo l ing  wava7*8 For t h e s e  
and o t h e r  reasons,  t h e  o r d i n a t e  f o r  soo t  y i e l d  p l o t s  was taken t o  be E(m) x s o o t  
y i e l d  w i t h  t h e  v a l u e  of E(m) l e f t  u n s p e c i f i e d  pend ing  r e s o l u t i o n  of t h e  
uncertain tie^.^^^ T h i s  a d j u s t m e n t  c a s t  t h e  LEX r e s u l t s  a s  a measurement  o f  
r e l a t i v e  r a t h e r  than a b s o l u t e  soo t  y i e lds .  

The t h r u s t  of t he  mass balance de f i c i ency  procedure was t o  add up a l l  of t h e  
carbon con ta in ing  products  de t ec t ed  and s u b t r a c t  from the t o t a l  carbon atoms i n  
t h e  o r i g i n a l  fue l .  Aromatic compounds shoved t h e  g r e a t e s t  d e f i c i e n c i e s  (with t h e  
n o t a b l e  e x c e p t i o n  of p y r i d i n e 6 )  and a c e t y l e n e  t h e  l e a s t .  The re  was good 
agreement wi th  regard t o  t h e  r e l a t i v e  soo t ing  tendencies  of f u e l s  i n v e s t i g a t e d  
w i t h  LEX and the mass d e f i c i e n c i e s  obtained by SPST and TOF. 

The TOF method o f f e r s  t h e  advantage of recording t h e  product d i s t r i b u t i o n  at 
s e l e c t e d  t imes du r ing  the  r e a c t i o a  Concentration p r o f i l e s  of v a r i o u s  obse rved  
s p e c i e s  a r e  c o n s t r u c t e d  w i t h i n  t h e  m / e  r ange  of 1 2  - 300 d u r i n g  t y p i c a l  
o b s e r v a t i o n  t i m e s  of cu 0.75 m s .  The d a t a  a r e  f i t  w i t h  computed l i n e s  f r o m  
proposed o r  known mechanisms. Benzene has been recorded during t h e  py ro lyses  of 
a l l e n e 1 2 ,  1 , 2  butadiene13, and 1.3 butadieneL4. The prof i l e a  have been modeled 
us ing  t h e  CHEMKIN ~ r o g r a r n l ~ s ~ ~  wi th  reasonable  success. 

-- B e s u l t s  and Discussion 

I n  o r d e r  t o  mimic t h e  soot  b e l l s  determined by LEX, benzene concen t r a t ions  
were modeled f o r  t h e  thermal  decompositions of C3Ht2;  1 , 2  C4H6l3, 1,3 C4H6l4> 
C.4H417, C ~ H C , N ~ ~ ,  and C2H2l9 .  I n  each of t hese  py ro lyses  i n v e s t i g a t e d  by t h e  TOF 
method, 
~ m - ~ .  The benzene concen t r a t ions  were c a l c u l a t e d  f o r  each of t hese  f u e l s  a t  1 ms 
a s  a f u n c t i o n  of no-reaction shock temperature i n  order  t o  compare w i t h  t h e  LEX 
work. The TOF and LEX r e s u l t s  a r e  shown i n  F i g u r e s  1 and 2. B e f o r e  d i s c u s s i n g  
each f u e l  i n d i v i d u a l l y ,  we no te  t h a t  the benzene concen t r a t ion  cu rves  a r e  b e l l  
shaped,  t h a t  t h e  r e l a t i v e  amounts  of benzene  formed a r e  i n  t h e  same g e n e r a l  
o r d e r  a s  t h e  s o o t i n g  t e n d e n c i e s ,  and t h a t  t h e  benzene maximum f o r  e a c h  f u e l  
precedes t h e  r e s p e c t i v e  soo t  tendency m a x i m a  

A l l ene  

t h e  t o t a l  carbon atom concen t r a t ion  was approximately 2 x 1017 atoms 

A 4.3% C3H4-Ne m i x t u r e  v a s  i n v e s t i g a t e d  o v e r  t h e  t e m p e r a t u r e  and t o t a l  
p r e s s u r e  r a n g e  of 1300-2000 K and 0.2-0.5 atm, r e s p e c t i v e l y .  TOF a n a l y s i s  
r e v e a l e d  t h a t  t h e  major products  were C 2 ~ 2 ,  c ~ H ~ ,  C H ~  and C&; l e s s e r  amounts 
of C2H4, C2H6,  C4H4, and C 6 H 2  were d e t e c t e d .  The ma jo r  p r o d u c t  prof i l e a  v e r e  
modeled w i t h  an 80 s t e p  r e a c t i o n  mechanism. The i n i t i a l  r e a c t i o n s  i n v o l v e d  t h e  
i s o m e r i z a t i o n  of a l l e n e  t o  propyne2O; b o t h  i somers  decompose t o  y i e l d  C3H3 + 

H21s22. Benzene was produced v i a  r eac t ion  of C3H3 with a l l e n e  and by r e a c t i o n  of 
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two C 3 H 3  r a d i c a l s .  The l a t t e r  r o u t e  was s u g g e s t e d  by Hurd23*24 i n  wh ich  C 3 H 3  
i n i t i a l l y  forms :CH-CH=&l v i a  1.2 H s h i f t  fo l lowed  by c y c l i z a t i o n  t o  benzene. 
Benzene c o n c e n t r a t i o n s  were c a l c u l a t e d  a t  1 m s  f o r  v a r i o u s  n o - r e a c t i o n  
t e m p e r a t u r e s .  The r e s u l  t i n g  b e l  1 shaped  c u r v e  i s  d i s p l a y e d  i n  F i g u r e  1 a l o n g  
w i t h  i t s  r e s p e c t i v e  LEX soo t  tendency b e l l 5 .  

1,2 Butadiene 

A 3% 1 , 2  CqHb-Ne m i x t u r e  was shocked o v e r  t h e  r a n g e s  1200-2000 K and 0.17- 
0.56 atm. The m a j o r  s t a b l e  s p e c i e s  o b s e r v e d  were  C2H2, CH4, C2H4 and  C4Hr  A t  
i n t e rmed ia t e  t empera tu res  ( around 1x0 K 1, benzene and to luene  were recorded. 
C2H2 and C4H2 were t h e  o n l y  major products  a t  high temperatures.  I somer i za t ion  
Of 1,2 to 1,3 C4Q precedes  e x t e n s i v e  decomposition. The two isomers decompose 
according t o  two pathways. 

1 , 2  C 4 4  ---e--> CH3 + C3H3 
1,3 C4H6 -----> 2 CzH3 

1 )  
2) 

The decomposition of 1,3 c4H6 has been s tud ied  by l a s e r  s c h l i e r e n  densi tometry 
(LS) and TOFL4. The r e a c t i o n  mechanism used  t o  model t h e  v a r i o u s  p r o d u c t  
p r o f i l e s  f rom 1,3 C4H6 was employed a s  a s u b s e t  t o  t h e  mechanism f o r  1 , 2  C4H6. 
R e a c t i o n s  d e s c r i b i n g  t h e  i s o m e r i z a t i o n  and o t h e r  key c h a n n e l s  c o m p l e t e  t h e  
model.  Benzene c o n c e n t r a t i o n s  were c a l c u l a t e d  a t  1 m s  and a r e  p l o t t e d  a s  a 
f u n c t i o n  of t e m p e r a t u r e  i n  F i g u r e  1. There  a r e  no LEX d a t a  a v a i l a b l e  f o r  
comparison. 

1.3 Butadiene 

A 3% 1,s C4Hb-Ne mixture  was s tud ied  o v e r  t h e  range comparable t o  1,2 C4H6. 
LS p r o f i l e s  ob ta ined  by P ro fes so r  Kiefer  provided c o n c l u s i v e  ev idence  t h a t  t h e  
ma in  pathway f o r  l e c o m p o s i t i o n  was C-C bond r u p t u r e  t o  p roduce  two v i n y l  
r a d i c a l s .  A 31 s t e p  mechanism modeled t h e  LS  p r o f i l e s  and the  TOF p r o f i l e s  f o r  
1 , 3  C4H6, C2H2, C2H4, C4H2 and C6H6l4. The amount of  benzene  p roduced  was l e s s  
t h a n  t h a t  recorded f o r  1 , 2  C4Q and f o r  an e q u i v a l e n t  amount of C3H& The l a t t e r  
r e s u l t  is i n  agreement w i t h  t h e  LEX work5 which i s  shown i n  F igu re  1. 

Acetylene 

C282 i s  t h e  major product i n  t h e  high temperature  thermal  decompositions of 
many h y d r o c a r b o n s ;  C T H ~ ~ ~ ,  C6B627-29, C5H5N18, C3H412,  1 , 2 1 2  and 1,3 
C4H614, and C4HZ0. A r a d i c a l  mechanism de r ived  l a r g e l y  from those  p r e v i o u s l y  
employed by G a r d i n e r 3 1  and K i e f e r 3 2  was used  t o  mode l  TOF d a t a  o b t a i n e d  on  a 
s e r i e s  of C2H2-Ne mixtures ,  1-6.2%, o v e r  t h e  range 1900-2500 K and 0.3-0.55 atm. 

The major spec ie s  modeled were C2B2, C4H2, and c&. Minor amounts Of c8H2 and 
C4H3 were r e c o r d e d ;  benzene  w a s  n o t  d e t e c t e d .  R e a c t i o n s  f rom t h e  benzene  
mechanism29 were added t o  the  model and used t o  c a l c u l a t e  the r e l a t i v e l y  minor 
amounts of benzene d e t e c t e d  i n  t h e  SPST work by COlketg. The r e s u l t s  a r e  shown 
i n  Figure 3. Although the  f i t  i s  no t  completely s a t i s f y i n g ,  the computed P r o f i l e  
i s  s a t i s f a c t o r y  f o r  our p u r p o s e  h e r e ;  name ly ,  t h e  benzene y i e l d  i s  v e r y  low 
compared t o  t h e  major s p e c i e s  present.  Benzene concen t r a t ions  f o r  an a c e t y l e n e  
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mixture  con ta in ing  2 X 10'' C atoms cm-3 a r e  p l o t t e d  i n  F igure  2 a long  wi th  t h e  
corresponding LEX soot  bell5. 

Vinylacetylene 

P Y r O l Y s i s  of C4H4 has  been  s t u d i e d  r e c e n t l y  by LS and TOP o v e r  t h e  r a n g e  
1500-2500 K and 0.14-0.56 atm30. Ana lys i s  of t h e  LS p r o f i l e s  r e v e a l e d  t h a t  t h e  
d e c o m p o s i t i o n  was c h a r a c t e r i z e d  by a h e a t  r e l e a s e  of - 40 k c a l  mol - l .  The LS 
p r o f i l e s  were a l l  c o n c a v e  upward which r u l e d  o u t  any a p p r e c i a b l e  c h a i n  
a c c e l e r a t i o n  reac t ions .  TOF measurements of t h e  major products,  C2H2 and C4H2 
d i s c l o s e d  a n e a r  c o n s t a n t  r a t i o  of C2H2/C4H2 Y 5 which  was i n d e p e n d e n t  of t h e  
obse rva t ion  t ime and t empera tu re  Trace amounts of C6H2 were recorded a t  h ighe r  
t e m p e r a t u r e s ;  C8H2 and benzene were  n o t  d e t e c t e d .  These  f a c t s  s u p p o r t  t h e  
proposa l  t h a t  t he  mechanism is  molecular  and occurs  v i a  the  r e a c t i o n s  

C4H4 + K -----> 2 C2H2 + M 3)  
C4H4 + M ----- > C4H2 + H2 + M 4) 

The LS p r o f i l e s  and t h e  TOF p r o f i l e s  were  f i t  w i t h  r a t e  c o n s t a n t s  d e r i v e d  f o r  
t h i s  two channel d i s soc ia t ion .  These conclus ions  a r e  i n  c o n f l i c t  wi th  two o t h e r  
shock tube r e p o r t s  t h a t  propose a r a d i c a l  mechanism f o r  t he  p y r o l y s i s  i n  which 
t h e  f i r s t  s t e p  i s  C-H bond r ~ p t u r e ~ ~ * ~ ~ .  

C4H4 -----> C4H3 + H 5 )  

The i n i t i a t i o n  i s  f o l l o w e d  by a sequence  of r a d i c a l  r e a c t i o n s .  The b e n z e n e  
concen t r a t ions  shown i n  F igure  2 were c a l c u l a t e d  us ing  rxs  3) and 4) a l o n g  wi th  
the  C2H219 and C6QZ9 mechanisms p rev ious ly  mentioned t o  f i t  t he  SPST d a t a  i n  
F i g u r e  3. 

Pyr id ine  

LS and TOF p r o f i l e s  h a v e  been  r e c e n t l y  o b t a i n e d "  f o r  t h e  t h e r m a l  
d e c o m p o s i t i o n  of C5H5N o v e r  t h e  r a n g e  1700-2200 K and 0.13-0.5 atm. The LS 
p r o f i l e s  d i sp l ayed  l o c a l  maxima which i s  a s igna tu re  f o r  cha in  a c c e l e r a t i o n  of 
t h e  n e t  e n d o t h e r m i c  r a t e .  The main p r o d u c t s  were  i d e n t i f i e d  by TOF t o  b e  HCN,  
C2H2, and C4Hp A 24 s t e p  mechanism was cons t ruc ted  which inc luded  t h e  f o l l o w i n g  
s t eps :  

CgH5N + M ----- > C5H4N + H + M 

c 5 4  H N + M -----> C4H3 + HCN 

6 )  
7 )  
8 )  

H + C.jH5N -----> CgHqN + H2 

Benzene concen t r a t ions  were c a l c u l a t e d  i n  the  manner employed f o r  C4H4 and a r e  
extremely low which is i n  accord wi th  the  LEX r e s u l t 6 .  The near absence of t h i s  
key b u i l d i n g  b l o c k  i n h i b i t s  p o l y c y l i c  growth  and s u b s e q u e n t  s o o t  f o r m a t i o n .  
I n t a c t  py r id ine  r i n g s  a r e  not  s u i t a b l e  s u b s t i t u t e s  s ince  p o l y c y c l i c  growth i s  
r e t a rded  by the presence of t he  r i n g  nitrogen. 
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Temperature Changes 

Thermal decompositions are endothermic processes  and t h e  system tempera ture  
decreases  as t h e  r e a c t i o n  progresses.  This  po in t  i s  i l l u s t r a t e d  i n  Figure  4 i n  
which t h e  soot  bell f o r  t o l u e n e  at 1 ma obse rva t ion  t i m e 4  is s h i f t e d  markedly  
when the  system tempera ture  a t  1 ma is used t o  p l o t  t h e  soo t ing  tendency i n s t e a d  
of t h e  u s u a l  p r a c t i c e  wh ich  employs  t h e  no r e a c t i o n  t empera tu re .  The  
t e m p e r a t u r e s  a t  l m s w e r e  c a l c u l a t e d  u s i n g  a m e c h a n i s m f r o m r e c e n t  LS and  TOF 
work on C7H826 which i d e n t i f i e s  t h e  major pathway f o r  d i s s o c i a t i o n  as 

C B + M -----> C6B5 + CH3 + M 9) 7 8  

Temperature d e c r e a s e s  f o r  t h e  py ro lyses  represented  i n  F igu res  1 and 2 a t  1 m s  a r e  
l i s t e d  i n  Tab le  1. 

Conclusions 

There appears t o  be s u f f i c i e n t  ev idence  t o  suppor t  t h e  c o r r e l a t i o n  of benzene 
product ion  and soo t  tendencies.  It does not n e c e s s a r i l y  f o l l o w  t h a t  t he  key to 
s o o t  c o n t r o l  i s  l i m i t i n g  s o l e l y  t h o s e  r e a c t i o n s  and/or spec ie s  which promote 
benzene formation. The p y r o l y s e s  cons idered  h e r e i n  were those  of "pure" f u e l s .  
S y n e r g i s t i c  e f f e c t s  h a v e  b e e n  r e p o r t e d  f o r  f u e l  m i x t u r e s ;  e.&, a0 .75% C7H8 - 
0.752 C5H5N - A r  mix ture  produced almost as  much soot  a s  an  e q u i v a l e n t  amount of 
"pure" to luene ,  1.5% C7H8 - Ar6. Never the less ,  t h e  r e s u l t s  h e r e i n  a r e  c o n s i s t e n t  
w i t h  t h e  p r o p o s a l  of r e l a t i v e l y  low c o n c e n t r a t i o n s  of s o o t  n u c l e i  w h i c h  
subsequent ly  i n c r e a s e  i n  mass due t o  su r face  growth by C2H235. 
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Table 1. 

Temperature Decrease During Pyrolyses of Various Fuels 

C3H4 1.2 C4% 1 , 3  c4H6 C4H4 '2282 CgHgN C7H8 
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